The relationships between smooth muscle calcium and isometric tension generation to spontaneous lymphatic pump activity and its modulation by stretch equivalent to 0 to ~6 cmH 2 O were investigated. Excised preparations of rat thoracic duct were mounted on a wire myograph and loaded with the calcium sensitive fluorochrome, indo-1. Calcium dependent fluorescence and isometric force were simultaneously recorded. The thoracic duct segments developed spontaneous rhythmic contractile activity. Each contraction was preceded by an increase in intracellular calcium. When the vessels were normalized and stabilized at a preload equal to 3 cmH 2 O, the peak generation in tension occurred 0.70 ± 0.11 sec after that of calcium. Incremental stretch enhanced frequency of the phasic activity and amplitude of isometric force generation but neither the basal calcium level nor the amplitude of the calcium transient.
Introduction
The lymphatic system serves an important role in transporting interstitial fluid, proteins, macromolecules and extravasated blood cells back to systemic circulation. It is well established that lymph propulsion is dependent on interstitial fluid pressure, external compressive forces, as well as active phasic contractions of the unidirectionally-valved segments called "lymphangions", which exhibit periodic contractile activity that centripetally propels lymph. (2, 4, 11, 26) . In collecting and transporting lymphatics that are not embedded in parenchymal tissue (e.g. cisterna chyli and thoracic duct) spontaneous lymphatic contraction is the predominant active mechanism of lymph propulsion.
The active contractile properties of lymphatic vessels have been widely studied.
Contractility of lymphatic smooth muscle can be modulated by extrinsic (neural and humoral) and intrinsic (myogenic) factors. Pressure-induced modulation of lymphatic pump activity has been reported in bovine mesenteric (16, 23) , rat mesenteric (3, 4, 6, 8) , and rat iliac lymphatic vessels (17) . Modulation of calcium release from the intracellular stores has been suggested to be involved in the pressure-induced activation of lymphatic contraction (2) . While the electromechanical events associated with lymphatic contraction remain unclear, the pacemaker activity has been attributed to an outward chloride current which is activated by calcium released from the sarcoplasmic reticulum (31, 32, 33) . Like other types of smooth muscle, the action potential is mediated by calcium influx across the sarcolemma (15, 22) . External calcium is also important for force generation (1, 15) and may exert modulatory roles in contraction frequency (15) .
In spite of a large literature on lymphatic contractile function, few studies have H-00002-2003.R1 directly assessed the relationship between calcium mobilization and lymphatic pump activity. Furthermore there have been no reports on the effects of stretch on calcium and force transients in spontaneously active lymphatic pumps. Recently, we have successfully used a small wire myograph for simultaneously measuring calcium and tension transients in small arteries (30) . The purpose of the present study was to adapt the use of a small wire myograph to lymphatic vessels and to evaluate cytosolic calcium/force relationships in lymphatic smooth muscle at rest and in response to incremental stretch. A preliminary description of the method was included in an abstract presented in the 2002 Experimental Biology meeting (28) . With the aid of stereo-microscope (Nikon), a segment of the cranial most portion of thoracic duct ~2 mm in length was dissected free of connective tissue. The vessel segment was mounted on wire Myograph (JP Trading, Aarhus, Denmark) and the temperature was increased to room temperature (~22°C) over a period of 30 minutes.
The vessel was gently stretched to a preload ranging from about 1 -2 cmH 2 O and the temperature was gradually increased to 32.5°C for loading with indo-1. The buffer in the chamber (5 ml) was changed once during heating to keep pH adjusted at 7.4. The buffer was continuously bubbled with 95%O 2 and 5% CO 2 .
For the simultaneous measurement of calcium and tension development, the vessel was incubated with indo-1 acetoxymethyl ester (indo-1 AM, Molecular Probes), applying the method of Taylor et al (18) . The loading solution contained indo-1 AM (10 µM), dimethyl sulfoxide (0.4 %), cremophor (0.2 %), and Pluronic F-127 (0.05 %). After 2 hours of incubation, the vessel was rinsed with 20 ml of PSS, and the temperature was increased to 37°C. The lymphatic vessel was allowed to stabilize for an additional one to two hours prior to further study.
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The lymphatic vessels were normalized according to a modification of the method of Mulvany and Halpern (19) . Beginning from a completely unloaded state, vessels were incrementally stretched by separating the wires. Each step produced an increase in tension of approximately 0.015 mN/mm. The vessels were held for approximately100 seconds at each length of stretch to allow force to become constant.
This process was repeated until the calculated pressure reached about 6 cmH 2 O. The load on the vessel was equated to effective distending pressure according to a Laplace relation: Table 1 . Figure 2 shows representative tracings of tension and calcium in a thoracic duct subjected to incremental stretch. Each stretch produced an increase in isometric tension and was followed by a stable level of basal tone and spontaneous phasic contractions.
The increase in stretch was not accompanied by an increase in calcium. 
Discussion
The application of the small wire myograph for simultaneously monitoring calcium and tension in spontaneous contractile lymphatics represents a major advancement in approaches to studying lymphatic smooth muscle. Although the isometric condition does not allow for evaluation of diameter changes, it does allow for precise measurements of force as well as calcium without the need to correct for cell volume changes associated with contraction. To our knowledge, this is the first report of its kind.
In the present study, each vessel segment was stretched to ~6 cmH 2 0 transmural pressure in order to obtain the passive mechanical properties of the lymphatic vessel.
The range of distending pressures was based on prior measurements of right atrial pressure in normal Sprague-Dawley rats at rest (3.6 ± 0.5 cmH 2 O) and during periods of severe edemagenic stress (5.4 ± 0.8 cmH 2 O) (3). Thus we assume that the extent of stretch was within the range of pressures that occur in intact animals. The length/tension curve obtained in the study could be fit to an exponential relationship ( Figure 3 ) as had been reported in other vessels (25) . From this relationship, a transmural pressure point of 3 cmH 2 O was calculated for normalization in each vessel, which was previously reported as optimal for the pump activity for rat thoracic duct (9).
The contraction frequency after normalization (4.60 ± 0.95 contractions/min) agreed exactly with the value reported in isolated pressurized vessels under conditions of no flow (4.6 ± 0.6 contractions/min) (8) . In addition, we could directly observe the temporal relationship between the spontaneous tension development of lymphatics and the accompanying calcium transient in a physiologically normalized condition. Calcium
influx has been postulated to mediate the action potential associated associated with spontaneous lymphatic contraction (15) . To this end our data suggests that an action potential accompanies each phasic contraction.
Stretch increased both the frequency and amplitude of active spontaneous contraction ( Figure 4 ). This observation agrees with a previous report of stretch-induced positive chronotropic and inotropic response of intact rat mesenteric lymphatics under edemagenic stress (5). Our findings in an isometric preparation are however different from that of Gashev and Zawieja (9) in an isobaric preparation that showed maximal pacemaker activity at 3 cm H 2 O in rat thoracic duct. These are interesting differences that do not appear to be linked to basal pacemaker activity which were identical between the two studies. In the earlier study of Benoit et al (5) , it was postulated that both length-dependent and length-independent activation of lymphatic smooth muscle could contribute to the increased force and frequency of contraction of the lymphatic pump. The present study extends these findings by showing that the increased force of contraction occurs in the absence of an increase in cytosolic calcium. Stretch-induced active contractile responses have been widely reported in vascular smooth muscle. The response of lymphatic smooth muscle to stretch appears to differ from other types of vascular smooth muscle in which stretch induced contraction has been chiefly attributed to elevation of intracellular calcium (10, 27). The major mechanism for vascular smooth muscle calcium elevation during stretch is presumed to involve release from intracellular stores in (7, 18, 20) and/or inflow through voltage-dependent calcium channel on activation of cation channels (21, 34) . In the present study, however, the amplitude and the baseline of the lymphatic smooth muscle calcium were not altered by stretch. Thus, we assume that the stretch-induced positive inotropic effect was calcium independent H-00002-2003.R1
and that it was caused by increased sensitivity of the contractile elements to calcium.
While little is known about the effect of stretch on the relationships between calcium and spontaneous contraction of lymphatic smooth muscle, several mechanisms for calciumsensitization in myogenic response have been suggested in other types of smooth muscle. Those include myofilament overlap, steric change of associated proteins (5), and signaling pathways involving protein kinase C (12, 13, 29) and Rho kinase (14) . It is interesting to note that both PKC and Rho-A pathways are believed to alter calcium sensitivity. These examination of precise pathways in the modulation of lymphatic smooth muscle calcium sensitivity will require further study.
Previous studies by our laboratory has examined the effects of edema promoting stimuli on lymphatic pumping (2, 6) in intact animals. Observed increases in frequency (chronotropic events) and ejection fraction (inotropic events) of intact lymphatics was directly correlated with the increased intralymphatic pressure resulting from the edema promoting stimulus. The results of the present study agree with these earlier observations and indicate that moment to moment regulation of lymphatic pumping is highly dependent on the effective transmural pressure. Furthermore, we suggest that intrinsic regulation of lymphatic pumping involves a change in calcium sensitivity.
These intrinsic events contribute to the ability of the lymphatic system to actively drain the interstitium in situations favoring enhanced lymph formation.
In summary, we have examined calcium tension relationships in the cranial part of thoracic duct of the rat, since this segment of the lymphatics is known to play an important role in the central propulsion of lymph (24) . Our data suggest that stretch increases both the pacemaker activity and the calcium sensitivity of the contractile apparatus. Future studies using the wire myograph will provide important new
information regarding the adaptation of the lymphatic smooth muscle to chronic edemagenic stress. 
